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We have investigated the nonlinear surface impedance and two-tone intermodulation distortion of 
ten epitaxial YBa2Cu3O7-δ films on MgO substrates, using stripline resonators, at frequencies 
f=2.3−11.2GHz and temperatures T=1.7K−Tc. The power dissipation decreased by up to one order 
of magnitude as the microwave electric field was increased to 100V/m for T<20 K. The reactance 
showed only a weak increase. The minimum of the losses correlated with a plateau in the intermo-
dulation signal. The same features were observed for a Nb film on MgO but not for YBa2Cu3O7-δ 
and Nb on LaAlO3 or sapphire. The anomalous response results from dielectric losses in MgO, most 
probably due to defect dipole relaxation.  
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Understanding the nonlinearities in superconductive microwave devices is relevant for 
applications in communication systems, as narrow-band receive or high-power transmit filters can 
be susceptible to intermodulation distortion or power-dependent absorption [1-3]. The sources of 
nonlinearities are not well understood at present, and several groups have reported unexpected 
features like the recovery of superconductivity [4-8] or non-cubic power dependences of the third-
order two-tone intermodulation product (IMD) or harmonic generation [9,10].  
We have measured the surface impedance and IMD of ten epitaxial YBa2Cu3O7-δ (YBCO) 
films on MgO and observed a dramatic reduction of the power dissipation at microwave electric 
fields Erf∼100V/m below 20K, which correlated with a plateau in the otherwise cubic IMD signal. 
We attributed this behaviour at first to the YBCO [11]. However, measurements on a Nb film on 
MgO revealed the same behaviour, while the anomalies were absent in both YBCO and Nb films on 
LaAlO3 or CeO2-buffered sapphire. These results prove that the dielectric loss tangent of MgO 
causes the anomaly. Nonlinear dielectric losses, which can affect any microwave device applica-
tion, have not been previously reported for MgO in the microwave range.  
The 350-nm-thick single-sided epitaxial YBCO films were electron-beam coevaporated at 
690oC close to the 1:2:3 cation stoichiometry onto 1cm×1cm×0.5mm MgO substrates [12,13]. For 
comparison, 400-nm-thick Nb films were magnetron sputtered at ambient temperature onto 2-inch-
diameter MgO and sapphire wafers [14] and diced into 1cm×1cm pieces. The films, patterned into 
150-µm-wide meander lines, were clamped with two equivalent ground planes to form a stripline 
resonator [15]. The quality factor Q and resonant frequency were measured at the fundamental 
resonance ω/2π=2.27GHz and four overtones, for input power levels Pin=−85 to +30dBm, or 
electric fields between the center strip and ground planes of Erf=0.5-5×105V/m. Erf can be converted 
into a total microwave current using ζ≡Erf/Irf∼105Ω/m. The effective surface resistance so derived is 
Reff=Rs+G×tanδ, where Rs is the surface resistance of the superconductor, tanδ the loss tangent of 
the dielectric, and G~0.8Ω a geometry factor [15,16]. Changes of the effective reactance are 
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similarly composed of changes of the penetration depth and dielectric permittivity [17]. IMD 
measurements with a noise floor of −130dBm were performed with two tones of equal input power, 
separated by 10kHz. We describe representative results for one YBCO film with Tc=90.7K, critical 
current densities of 1.5 and 5.8MA/cm2 at T=77 and 60K, and Rs=60µΩ at T=Tc/2 and 2.3GHz. 
Above 20K, Reff remained constant up to Irf=0.5A, corresponding to a magnetic flux density of 
about 15mT. We observed similar results for all other YBCO films on MgO, and for the Nb film on 
MgO at corresponding reduced temperatures (T<8K).  
Figure 1 displays Reff(T) for the two power levels that produce extreme Reff-values. Below 
20K, Reff(T) decreases at the higher power and approaches 2µΩ. Expecting Rs≥1µΩ for high-quality 
epitaxial YBCO films [17], Reff(20K) yields an upper-limit for the loss tangent of ≈10-6, as expected 
for MgO at 20K and 2.3GHz [18,19]. However, at low power, Reff(T) increases and becomes domi-
nated by dielectric losses. This is confirmed by the very similar power dependence of Reff for Nb on 
MgO (inset to Fig. 1). The presence of the anomalies for the two totally different superconductors 
on MgO, and their absence for the other substrates, reinforces the conclusion that they are caused by 
dielectric losses in MgO. Using Rs∼2µΩ for YBCO and Reff∼20µΩ, we derive tanδ(1.7K)≈2×10-5, 
∼20 times above tanδ(20K). We are not aware of previous reports on tanδ of MgO below 20K. 
The anomalies became weaker at higher frequencies, such that Reff scaled like ω κ(P) with an 
exponent κ∼1.0 (1.4-1.5) at low power and T=1.7K (5K). The minimal Reff values scaled quadra-
tically with frequency, independent of temperature, in accordance with the surface resistance of the 
cuprates [17]. The weaker frequency dependence at low power confirms once more the increasing 
power dissipation in the dielectric. 
Figure 2 relates Reff of the YBCO sample to ∆Xeff and the IMD signal at 5K and 2.3GHz. Reff 
passes through a minimum at −20dBm, where it has dropped to about 25% of its low-power value. 
Xeff is constant at low power and increases smoothly above −30dBm. Pair breaking in the super-
conductor or changes of the permittivity obviously cannot explain the anomaly, while the increase 
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of Reff and Xeff at high power is attributed to the nonlinear response of the cuprates [17]. The IMD 
signal at low power displays approximately the expected cubic power dependence [17,20,21]. It 
passes through a plateau in the region where Reff decreases, and rises again more steeply where both 
Xeff and Reff increase.   
We model the impedance of MgO by defect dipole relaxation [22,23]. The same mechanism 
was attributed to the linear, T-dependent, microwave response of LaAlO3 [24]. In Fröhlich's model, 
the loss tangent is [(εr−ε∞)ωτd]/[εr+ε∞(ωτd)2], with εr∼9.8 and ε∞∼3 the permittivities for MgO at 
low and optical frequencies [18,25]. The relaxation time τd increases for decreasing temperatures, 
leading to an increase of tanδ in the range ωτd<1. Our data imply also that τd(T) is explicitly or 
implicitly field-dependent, e.g., due to dipolar interaction or resonance absorption [22], or heating. 
We expect τd(T,Erf) to depend only on the magnitude of the field, e.g., τd0/τd=1+η×e2/(1+e2), where 
η sets the size of the anomaly and e≡E/E0 is the electric field normalized to the scale E0. Our data 
reveal E0∼100V/m at T<5K, increasing to ∼30kV/m at 20K. We also assume ωτd<1, which is reaso-
nable for ionic crystals like MgO in the low GHz-range [22,23]. The opposite case would lead to a 
τd-dependence of the real part of the complex permittivity, in conflict with the constant Xeff. The 
loss tangent is approximately linearly frequency dependent for ωτd<1, in accordance with the mea-
sured frequency dependences. We conclude that τd(T,Erf) is the key to explaining the anomaly at 
low power, while microwave current-driven pair breaking causes the nonlinearity at high power 
[20]: fn=fn0+(1−fn0)×j2/(1+j2), with fn the normal quasiparticle fraction, j≡I/I0 a normalized current, 
and I0∼300mA at T<20K. The surface impedance of the superconductor can be derived from fn in 
the framework of a two-fluid model.  
The model reproduces the essential features observed in experiment (figure 3): The mini-
mum of Reff, the constancy of Xeff,  and the IMD-plateau surrounded by cubic behaviour at low and 
high power levels. The width and depth of the anomaly shrink for increasing E0/I0-ratios, when the 
effect of pair breaking increases relative to that of dielectric relaxation [11]. While the extraction of 
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τd0 and η requires separate knowledge of Rs and tanδ, we can derive estimates by assuming that 
tanδ dominates at low temperatures and frequencies: ωτd0∼[εr(Reff−Rs)]/[(εr−ε∞)G] and η≥ 
Reff(Erf=0)/Reff,min−1. Typical values are at 2.3GHz: τd0∼3.1fs (1.0fs), and η≥9 (3) at T=1.7K (5K). 
Both parameters decrease with increasing temperature. Modeling the data for Nb yielded similar 
τd0-values but about a factor of three smaller η-values. This discrepancy reflects the larger contribu-
tion of Rs to Reff due to the much lower Tc.  
 In conclusion, we have observed a strong microwave power-induced decrease of the effective 
surface resistance of YBCO and Nb films on MgO below 20K, at nearly constant reactance. The 
third-order intermodulation product displayed a plateau surrounded by almost cubic regions, revea-
ling a clear relation to Reff. This anomalous behaviour is caused by dielectric losses in MgO, as con-
cluded from comparisons with YBCO and Nb films on LaAlO3 and sapphire. A phenomenolocial 
description of the dielectric properties is based on defect dipole relaxation with a temperature and 
electric field-dependent relaxation time. The low-field loss tangent increases with decreasing 
temperature from ∼10-6 at 20K to ∼2×10-5 at 1.7K. We are not aware of previous reports of non-
linear losses nor dielectric defect dipole relaxation in MgO, but we note reports on self-induced 
transparency in MgO [26], which were related to the Fe impurities usually contained in this dielec-
tric. Our observations have implications for all microwave applications of MgO, since a nonlinear 
loss tangent can enhance power dissipation and intermodulation distortion appreciably. Measure-
ments of the complex permittivity of bare and Fe-doped MgO are in preparation. 
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FIGURE CAPTIONS 
 
Figure 1. Temperature dependent effective surface resistance of the YBCO film at ω/2π=2.3GHz 
for two input power levels (−60dBm: hatched squares, −20dBm: dots), corresponding to Erf∼1 and 
104 V/m. Note the logarithmic scales for illustration. The inset shows the normalized Reff versus 
input power for the YBCO film (diamonds) and a Nb film on MgO (triangles) at T=5K. The 
absolute values of Reff of both samples at 1.7K were identical. 
 
Figure 2. Measured dependence of the third-order intermodulation product (left ordinate, squares), 
effective surface resistance (right ordinate, dots) and change of effective surface reactance (right 
ordinate, triangles) of the YBCO film versus input power per tone at 2.3GHz and 5K.  
 
Figure 3. Calculated field dependence of the IMD signal (left ordinate, squares & solid curve), 
effective surface resistance (right ordinate, dots & dashed curve) and reactance (right ordinate, 
triangles & dotted curve), in reduced units, for ωτd0=10-5, η=3, fn0=0.1, and E0/ζI0=3×10-3. 
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Figure 1, Hein et al., APL 
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